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Abstract 
A new method is proposed for the measurement of dynamic surface tension in aqueous olutions. The advantage of this method with respect 
to the classical method based on sparging is that the use of gas pumps is avoided, resulting in a miniaturized system. This method is based on 
the in situ generation of gas bubbles by means of electrolysis at microcavity electrodes (MCEs). As a consequence of electrode surface 
shaping, a single nucleation site for gas bubbles is created. The MCE is used simultaneously asa bubble actuator (generator) and as a bubble 
size and/or frequency sensor. Measurement results prove the suitability of the electrolytic method for the monitoring of the dynamic surface 
tension in aqueous olutions. 
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I. Introduction 
The measurement of he surface tension in liquids is impor- 
tant for various applications, for instance, those employing 
surface-active materials for wetting and washing. The surface 
tension o- is defined as half of the free energy due to cohesion 
of the material in vacuum per unit area AG [ 1 ] : 
o" = -~AG 
A distinction should be made between the static surface 
tension, which characterizes quilibrium situations, and the 
dynamic surface tension, which characterizes situations far 
from equilibrium. Wetting and cleaning processes are usually 
far from equilibrium and thus the dynamic surface tension of 
a liquid is the parameter that should be monitored in this 
situation. 
To measure the dynamic surface tension, asurface or inter- 
face with a changing area is needed. At this surface adynamic 
process of coverage with surface-active molecules takes 
place. A possibility to create a changing surface is to grow 
gas bubbles in the liquid, giving rise to a controlled ynamic 
surface. A reproducible way to generate gas bubbles with a 
well-defined size in a liquid solution is blowing gas through 
a tube directly into the bulk of the liquid. The method is called 
sparging and the theory is quite well understood [2]. This 
method .is widely used for dynamic surface-tension measure- 
ments [3,4]. The disadvantage is that a pump with a constant 
0924-4247/96/$15.00 © 1996 Elsevier Science S.A, All rights reserved 
SSD10924-4247(95) 0l 104-5 
gas flow is needed, resulting in quite a big set-up. Concerning 
the behavior of gas bubbles generated by sparging, it was 
observed in the literature [5] that the frequency of these 
bubbles generated at a constant gas flow increases when the 
surfactant concentration i creases (the dynamic surface ten- 
sion decreases). On the other hand, it was observed that, if 
the surfactant concentration is maintained constant (constant 
dynamic surface tension), the bubble frequency increases 
when the gas flow is increased [6]. 
An alternative method for gas-bubble generation is elec- 
trolysis at a metal electrode. The challenge is to generate in 
situ monosized bubbles, in a controlled way and only on one 
specified site, such that the method becomes analogous to 
sparging. A similar behavior of the gas bubbles with respect 
to the electrolysis current and the dynamic surface tension of 
the solution is expected. A miniaturized system that avoids 
the use of big and expensive gas pumps should become pos- 
sible in this way. 
The nature of the bubble nucleation processes during elec- 
trolysis has to be understood before an artificial nucleation 
site can be made. In order for the nucleation of gas bubbles 
to take place, the liquid has to be supersaturated with dis- 
solved gas. The actual value of the supersaturation needed 
for nucleation is strongly dependent on other parameters like 
the electrode surface, electrode material, surface tension of 
the liquid, etc. 
Nucleation of gas bubbles in liquids can occur through 
different mechanisms. One possibility is homogeneous nucle- 
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ation where bubbles appear in the bulk of the mother phase 
in places where the influence of any interface in the system 
is negligible. The driving force during homogeneous nucle- 
ation is the excess of chemical potential of the liquid phase 
as compared with that of the gas. Return to a stable situation 
results in the formation of a bubble. The conditions for homo- 
geneous nucleation are fairly infrequently met, which is why 
it is not as practically significant as heterogeneous nucleation. 
Through eterogeneous nucleation, gas bubbles are formed 
at a surface of an electrode or at a wall of the containing 
vessel. The driving force is still an excess of the chemical 
potential, but the presence of the wall plays an important role 
through the contact angle. The contact angle of a solid and a 
liquid phase is defined as the angle of the liquid-gas interface 
with the solid-liquid interface at the contact point. For a 
nonzero contact angle, heterogeneous nucleation is energet- 
ically preferred to homogeneous nucleation. In the limiting 
case when the contact angle is zero, heterogeneous nucleation 
ceases to have any energetic advantage over homogeneous 
nucleation. In the particular case of electrolysis, the gas super- 
saturation is always higher at the electrode-liquid nterface 
than in the bulk liquid because the gas is generated at the 
electrode surface. Due to this nonuniform concentration pro- 
file and to the fact that bubbles nucleate in regions where the 
supersaturation is high, bubbles will always nucleate at the 
electrodes and not in the bulk of the liquid. The state of the 
surface will influence the size and the behavior of the bubble. 
There is still another possibility for growing bubbles in a 
liquid, namely when a bubble source exists already in the 
form of 'traces of gas'. These traces of gas, called Harvey 
nuclei [2], may be present in pockets (small cavities) on the 
surface of an electrode or the wall of the containing vessel 
and are in equilibrium with the environment. If the concen- 
tration of dissolved gas exceeds a maximum value depending 
on the dimensions of the pockets, the corresponding Harvey 
nucleus becomes active and a bubble will grow from that 
pocket. 
On any existing flat electrode, the place where the bubbles 
nucleate is unknown, independent of the active nucleation 
mechanism. Miniaturization of the electrode down to the 
same order of size as that of the bubble seems to be one 
solution. The problem is that, even on such microelectrodes, 
bubbles might form at random places in an uncontrolled man- 
ner. For instance, two bubbles can nucleate at the same time 
and remain so small that they do not coalesce [7]. The bub- 
bles can be detected by monitoring the fluctuations of either 
the electrode overpotential or the electrode impedance [ 8 ]. 
In this paper, an alternative method is proposed for the 
measurement of he dynamic surface tension in aqueous olu- 
tions that uses gas bubbles generated in situ by electrolysis. 
Electrode surface shaping is proposed to generate bubbles on 
a specified site and with a reproducible size by means of 
electrolysis. The surface shaping is used to generate the 
needed supersaturation gradients of dissolved gas that lead to 
the heterogeneous nucleation of a gas bubble on one specified 
place. Microcavity electrodes (MCEs) are proposed for this 
purpose. The detection of the bubbles was performed with 
the same electrodes, by means of overpotential or impedance 
measurements. The frequency of the bubbles was used to 
monitor the dynamic surface tension of an aqueous olution 
and the results are presented in this paper. 
2. Experimental 
2.1. Microcavity electrodes (MCEs) 
The shape of the cavity of the MCEs was chosen to be a 
reversed pyramid. For practical reasons mainly concerning 
the reproducibility of the fabrication process, the MCEs were 
made in silicon technology. Top and cross-sectional views of 
an MCE are schematically presented in Fig. 1. 
Silicon wafers with a < 100> crystal orientation were 
used. The microcavities were etched in KOH (33 wt.%) 
through an SiO2 mask. The advantage is that pyramid-shaped 
cavities with very reproducible characteristics an be aniso- 
tropically etched in silicon. The shape of the structure is fixed 
as a reversed pyramid with a square base. Only the aperture 
of the cavity can be independently changed, resulting in a 
certain cavity depth. 
It was mentioned in the literature [ 9,10] that gas bubbles 
grown by electrolysis on microelectrodes have diameters in 
the order of 10-200/zm. To generate bubbles in a cavity, the 
aperture of the cavity should be comparable in size with the 
bubbles. The aperture was chosen to be a square with an edge 
of 40/xm. 
A sandwich of Ti/Au/Ti with thicknesses of 25/250/25 
nm, respectively, was evaporated and patterned on the wafers. 
The active area of the MCEs was defined with a sandwich of 
SiO2, Si3N4, and photocurable polyimide. At the end of this 
patterning process, the titanium top layer was also removed, 
allowing the gold surface a free contact with the aqueous 
solution. To detect the bubbles evolving at the microelectrode 
by means of overpotential orimpedance fluctuations, the size 
of the electrode active area also has to be comparable with 
the bubble size. The active area of the microelectrodes u ed 
during the experiments was determined by the SiO2, Si3N 4 
~ _ _ cavity Si02, Si3N4, polyimide 
gold 
Si02, Si3N4, polyimide 
~ Ti/Au,rl. i 
silicon dioxide 
silicon 
Fig. 1. Schematic representation of a microcavity electrode (MCE) having 
one bubble nucleation site. Top and cross-sectional views. 
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Fig. 2. Measurement set-up. WE is the working electrode, CE is the counter 
electrode, RE is the reference electrode, l is the electrolysis current of a 
voltage-controlled current source. ACin and DCin are the control voltages 
applied to the current source by means of the summing amplifier E. V 
corresponds to the measured overpotential and impedance fluctuations. 
polyimide window, a square 60/xm x 60 #m. It should be 
noted that the polyimide cannot be directly deposited on the 
electrode metal because of its capability to undergo redox 
reactions in electrolyte solutions [ 11 ]. The SIO2, Si3N 4 layer 
was included to avoid this problem. The wafers were then cut 
into pieces and the chips were mounted on 8 mm × 100 mm 
printed circuit board carriers and then encapsulated in epoxy 
resin. 
2.2. Measurement  set-up 
The MCEs were used as cathodes and hydrogen bubbles 
were produced according to the electrolysis reactions (in 
alkaline medium): 
cathode: 4e - + 4H20 ---> 2H2 + 4OH-  
The MCEs were used as working electrodes with the set- 
up schematically presented in Fig. 2. A platinum plate with 
a much bigger area than the working electrode ( = 1 cm 2) 
was used as counter electrode. A current source was con- 
nected between the working electrode and the counter elec- 
trode. The overpotential fluctuations were measured between 
the working electrode and a calomel reference lectrode. The 
instrumentation amplifier was specially designed for this 
application and it automatically removed the d.c. component 
of the electrode overpotential, allowing only the overpotential 
fluctuations to be monitored. The instrumentation amplifier 
also allowed the measurement of the electrode impedance 
variations due to the bubble evolution process. For this pur- 
pose, a signal with a frequency of 100 kHz and a small 
amplitude (typically 50 mVpp) was added to the control volt- 
age of the current source by means of a summing amplifier, 
~;. The amplitude of this small signal voltage was chosen in 
such a way that the fluctuations of the resulting current could 
also be considered small signals. The measurements were 
done in 10 mM sodium acetate (NaAc) or sodium sulphate 
(NaSO4) solutions with different nonionic surfactant con- 
centrations (synperonic NP9). 
3. Results and discussion 
As a consequence of the electrode shaping and of the super- 
position of the diffusion profiles from the walls of the cavity, 
a higher dissolved gas supersaturation is obtained on the 
bottom of the cavity than in the bulk of the aqueous olution. 
Due to this higher concentration of dissolved gas, hetero- 
geneous nucleation will take place on the bottom of the cavity, 
resulting in a single bubble nucleation site. The cavity acts 
like a gas concentrator. The presence of the gas bubbles on 
the electrode induces changes in both the electrode over- 
potential and the impedance. By monitoring one of these 
changes, the evolution of bubbles can be detected with the 
same electrode used for bubble generation. A typical meas- 
ured waveform of the overpotential is presented in Fig. 3 and 
of the impedance fluctuations in Fig. 4. The corresponding 
frequency of the bubbles can be easily determined from the 
waveforms. The mechanisms explaining the exact shape of 
the waveform are beyond the scope of this paper and will be 
discussed elsewhere. 
The gas bubbles generated by electrolysis at MCEs can be 
used for the measurement of the dynamic surface tension in 
an aqueous olution if a constant electrolysis current is used. 
The constant electrolysis current corresponds to a constant 
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Fig. 3. Typical waveform of the measured overpotential fluctuations on 
MCEs. The frequency is 0.56 Hz. The surfactant concentration was 0.Sg 
1 - ]. The supporting electrolyte was NaAc, 10raM. The electrolysis current 
was 5.93/zA. 
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Fig. 4. Typical waveform of the impedance fluctuations on a MCE. Same 
process and conditions as for Fig. 3. 
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Fig. 5. Measured ependency of the bubble frequency on the surfactant 
concentration (dynamic surface tension) at various electrolysis currents. 
Measurements in 10 mM Na2SO4 and with various concentrations f non- 
ionic surfactant (synperonic NP9). The electrolysis current is: I ,  6/~A; O, 
5.3 ~A; +. 4.8 p.A. 
gas production (in analogy with the previously mentioned 
sparging method). Both the size and the frequency of the 
electrogenerated bubbles are dependent on the dynamic sur- 
face tension. 
Measurement results presented in Fig. 5 show a monotonic 
dependence of the bubble frequency on the surfactant con- 
centration (dynamic surface tension) in the liquid under 
investigation. As expected from sparging, the bubble fre- 
quency increases with the increase of the surfactant concen- 
tration (and the decrease of the dynamic surface tension). 
Also, the bubble frequency increases if more gas is generated 
by a higher electrolysis current. 
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4. Conclusions 
We conclude that the electrolytic method for in situ gen- 
eration of gas bubbles by means of MCEs is suitable for the 
measurement of dynamic surface tension of aqueous solu- 
tions. By means of electrode surface shaping, one single 
nucleation site for gas bubbles is created. The gas bubbles 
evolving at MCEs behave similarly to the bubbles evolving 
during sparging. The resulting electrolytic method is analo- 
gous to sparging, but the system is much smaller. The use of 
the large gas pumps needed for sparging is avoided. 
From the perspective of sensor development, MCEs work 
as actuators because they can generate ( 'actuate')  bubbles 
with a controlled size on a specified place. On the other hand, 
detection of the electrogenerated bubbles is also possible with 
MCEs and thus the sensor part is also present in the same 
device. The overpotential nd impedance measured on the 
MCE are related to the presence and the dimensions of the 
gas bubbles. 
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